The mitogenic neuropeptides bombesin and vasopressin markedly increased tyrosine and serine phosphorylation of multiple substrates in quiescent Swiss 3T3 fibroblasts, including two major bands of Mr 90,000 and 115,000.
Bombesin and vasopressin initiate early biochemical events and DNA synthesis through GTP-binding protein (G protein) signal transduction pathways (10) (11) (12) (13) (14) (15) (16) (17) . Thus, receptor-mediated responses to both these peptides in permeabilized cells (10, 11) and ligand affinity in membrane and solubilized receptor preparations (12) (13) (14) (15) (16) are modulated by guanine nucleotides, indicating a close functional association with a G protein(s). Recently, the bombesin receptor has been cloned from Swiss 3T3 cells and shown to belong to the family of seven hydrophobic-domain, G-protein-linked neuropeptide receptors (17) . In contrast to mitogenic neuropeptides, growth factors such as platelet-derived growth factor (PDGF) signal through receptors endowed with intrinsic tyrosine kinase activity (18) . Tyrosine phosphorylation is fundamental to the signal transduction process for this class of mitogen (18, 19) , and intense interest has recently focused on the identity of cellular targets for the receptor tyrosine kinases (20) (21) (22) (23) (24) (25) (26) . It is not known, however, whether tyrosine phosphorylation plays a role in the mitogenic action of G-protein transducing peptides.
In the present study, we demonstrate that the mitogenic neuropeptides, bombesin, vasopressin, and the endothelinrelated peptide, vasoactive intestinal contractor (VIC), stimulate rapid tyrosine and serine phosphorylation of multiple substrates in quiescent Swiss 3T3 cells. Furthermore, we show that these proteins are unrelated to previously identified tyrosine kinase substrates and may therefore represent additional targets for neuropeptide-stimulated tyrosine/ serine kinase(s).
MATERIALS AND METHODS
Cell culture of Swiss 3T3 cells, phospho amino acid analysis, and assays of phosphatidylinositol (PI) kinase activity were performed as described (2, 27, 28) .
Immunoprecipitations. Quiescent cultures of Swiss 3T3 cells were incubated in phosphate-free Dulbecco's modified Eagle's medium containing 100-500 ,Ci of carrier-free 32p, per ml (1 Ci = 37 GBq) at 37°C for 16 h to label the endogenous ATP pool. After addition of peptide factors, cell lysis and immunoprecipitation either of phosphotyrosyl proteins using a monoclonal anti-phosphotyrosine [anti-Tyr(P)] antibody coupled to agarose (29) , or of GTPase-activating protein (GAP) with a polyclonal affinity-purified antibody to GAP (J. Downward and P. Warne, personal communication) were performed as described (30 specifically eluted from the anti-Tyr(P)/agarose matrix by the competing hapten phenyl phosphate (Fig. 1D) . Phospho Amino Acid Analysis and Immunoblotflng. The increase in phosphotyrosine content of the phosphoproteins generated in response to bombesin and vasopressin was determined directly by phospho amino acid analysis of the 32P1-labeled bands. Bombesin and vasopressin markedly increased the phosphotyrosine content of p90 (5-to 7-fold) and p115 (3-to 5-fold). The phosphoserine content of both bands was also strikingly increased (3-to 7-fold). Representative autoradiograms of up to four independent experiments are shown in Fig. 2A . Phosphotyrosine represented a considerably larger proportion of total phospho amino acids in p115 (25-30%) than in p90 (8-14%) . Bombesin and vasopressin also increased the phosphoserine and phosphotyrosine content of the Mr 81,000 band (results not shown).
Neuropeptide-induced'tyrosine phosphorylation was assessed independently of metabolic labeling by Western blotting'anti-Tyr(P) immunoprecipitates of unlabeled cells using a different anti-Tyr(P) antibody. As shown in Fig. 2B 10 min with either 6 nM bombesin (lanes BOM) or 20 nM vasopressin (lanes VP), or an equivalent volume of solvent (lanes -). Cell lysis, anti-Tyr(P) immunoprecipitation, and SDS/PAGE were performed as described in Fig. 1 . After autoradiographic localization and excision of the p90 and p115 bands, phospho amino acid analysis was performed as described in Materials and Methods. Autoradiograms were scanned with an LKB Ultroscan XL densitometer to quantify phospho amino acids or phosphoproteins in terms of peak area. Bombesin increased the phosphotyrosine content of p90 by 7.0 1.4-fold (n = 4) and that of p115 by 5.4 + 1.8-fold (n = 4). The increases in phosphotyrosine induced by vasopressin were 4.8 ± 0.8-fold for p90 (n = 3) and 3.0 + 0.1-fold for p115 (n = 2). (B) Quiescent, unlabeled cultures were treated for 10 min with either 6 nM bombesin (lane BOM) or 20 nM vasopressin (lane VP) or with an equivalent volume of solvent (lane -). The cells were then lysed, and immunoprecipitation and SDS/PAGE were performed. After transfer to Immobilon membranes, phosphotyrosyl proteins were immunoblotted with Py20 monoclonal anti-Tyr(P) antibody and immunoreactive bands were visualized with 125I-labeled sheep anti-mouse IgG followed by autoradiography. Transfer of all major phosphorylated bands was equally efficient as shown by transfer of 32P,-labeled bands to Immobilon. The positions of p115, p90, and bands of Mr 81,000 and 75,000 are indicated by arrowheads. Bombesin increased the immunoreactivity of p90 by 3.6 ± 0.6-fold (n = 5) and that of p115 by 4.1 ± 0.7-fold (n = 6). Corresponding increases for vasopressin were 2.8 ± 0.4-fold (n = 3) and 3.5 ± 0.6-fold (n = 5). No other neuropeptide-stimulated bands were detected below the molecular weights shown. Other experimental details are as described in Materials and Methods. similarity in molecular weights between p115 and GAP (Mr 120,000), and between both p90 and p115 and Mr 81,000-85,000 and 110,000 components of the purified PI kinase (32) , suggested that these proteins might be more closely related. In accord with data from other cell lines, PDGF specifically increased phosphorylation of a Mr 120,000 band in anti-GAP immunoprecipitates of 32Pi-labeled Swiss 3T3 cells (Fig. 3A) .
Likewise, PI kinase activity was markedly increased in anti-Tyr(P) immunoprecipitates of PDGF-treated Swiss 3T3 cells (Fig. 3B) . In contrast, neither GAP phosphorylation nor PI kinase activity was stimulated by bombesin or vasopressin (Fig. 3) . Similarly, neither bombesin nor vasopressin increased the labeling of bands comigrating with either phos- PDGF and epidermal growth factor stimulate a rapid autophosphorylation of their receptors in Swiss 3T3 cell membranes (results not shown). In contrast, bombesin failed to stimulate tyrosine phosphorylation in the same membrane preparations in which the bombesin receptor remains functional, as judged by binding activity and modulation ofbinding by guanine nucleotides. Similarly, vasopressin also had no effect on phosphorylation in the same membranes (results not shown). In addition, the Mr 75,000-85,000 cell-surface receptor for bombesin (9, 12, 33) , which had been affinity-labeled with '25I-GRP, was not immunoprecipitated by anti-Tyr(P) antibody. These results indicate that stimulation of tyrosine phosphorylation by bombesin and vasopressin is not a consequence of receptor-associated kinase activity.
Concentration Dependence, Receptor Specificity, and Time Course. Bombesin stimulated the labeling of p115 and p90 in a concentration-dependent manner (Fig. 4A) . Half-maximal effect was obtained at 0.3 nM, and the maximum stimulation was achieved at 2 nM. Very similar results were obtained when the increase in tyrosine phosphorylation was monitored by immunoblotting anti-Tyr(P) immunoprecipitates from unlabeled cells (Fig. 4B) . Furthermore, the specific bombesin antagonist [Leu'3-q(CH2NH)Leu14]bombesin prevented the labeling of the three components induced by bombesin in a competitive manner (Fig. 4C) . Vasopressin-stimulated tyrosine phosphorylation was also concentration dependent with half-maximal and maximum effects at 1 and 5 nM, respectively (Fig. 4D) . The effect of vasopressin was blocked by a specific V1 receptor vasopressin antagonist (Fig. 4D) . We verified that [Leu3f-q(CH2NH)Leu14]bombesin did not block vasopressinstimulated phosphorylation and, reciprocally, that the pressortype vasopressin antagonist had no effect on the response to bombesin (results not shown). The broad spectrum neuropeptide antagonist [D-Arg',D-Trp7 9,Leu1j]substance P (4) inhibited both bombesin-and vasopressin-induced tyrosine phosphorylation. Thus, the increase in tyrosine phosphorylation induced by bombesin and vasopressin is mediated through the same receptors previously shown to mediate mitogenic responsiveness to these peptides. The stimulation of phosphorylation of p115 and p90 is one of the earliest events in the action of bombesin and vasopressin in quiescent 3T3 cells. An increase in tyrosine phosphorylation, as shown either by immunoprecipitation from lysates of 32P-labeled cells (Fig. 5 A and C) or by Western blotting (Fig. SB) , was detected as early as 20 sec after addition ofthe peptides, reached a maximum after60 sec, and persisted for up to 1 h thereafter.
Effect of Endothelin-kelated Peptides and Other Agents.
Recently, we reported that endothelin 1 and the closely related peptide VIC bind to specific, high-affinity receptors in Swiss 3T3 cells and stimulate mobilization of intracellular Ca2+ and DNA synthesis (5) . As shown in Fig. 6A , VIC, like bombesin and vasopressin, caused a striking increase in phosphorylation of p115 and p90 and bands of Mr 81,000 and 75,000 in anti-Tyr(P) immunoprecipitates of Swiss 3T3 cells. All the bands generated by VIC comigrated in one-dimensional SDS/ PAGE with the bands phosphorylated in response to bombesin and vasopressin. Endothelin 1 at 25 nM elicited an identical response. VIC-stimulated phosphorylation was concentration dependent, with a maximum effect at 10 nM, and extremely rapid: phosphorylation was detectable within seconds and reached a maximum after 1 min (Fig. 6B) . VIC also generated a pattern' of'labeled bands similar to that found for bombesin and vasopressin, either in immunoblots of anti-Tyr(P) immunoprecipitates (Fig. 6C) confirmed that VIC increased the phosphotyrosine and phosphoserine content of both p115 and p90.
In contrast to bombesin, vasopressin and VIC, neuropeptides that have no receptors on Swiss 3T3 cells including galanin and angiotensin 11 (4) , did not increase phosphorylation in anti-Tyr(P) immunoprecipitates (results not shown). Likewise, tyrosine phosphorylation was not stimulated either by' an increase in cytosolic Ca2+ induced by the Ca2+ ionophore A23187 at 100 nM, or by an elevation in the intracellular level of cyclic AMP caused by forskolin (25 uM) . Direct activation of protein kinase C by a saturating concentration (100 nM) ofphorbol 12,13-dibutyrate increased the labeling of a similar set of substrates, but the intensity of the bands was markedly lower than that induced by neuropeptides.
DISCUSSION
These results demonstrate that the mitogenic peptides bombesin, vasopressin, and endothelin stimulate tyrosine and serine phosphorylation of multiple substrates in quiescent Swiss 3T3 cells. In these experiments, vasopressin and endothelin-related peptides have been shown to promote tyrosine phosphorylation in intact cells. Cirillo et al. (34) previously reported bombesin-stimulated tyrosine phosphorylation of a Mr 115,000 putative bombesin receptor in Swiss 3T3 cells. However, this finding has remained controversial because other investigators have failed to detect significant bombesin-induced tyrosine phosphorylation in these cells (20, 35 Classically, tyrosine phosphorylation by polypeptides and the generation of second messengers via neuropeptide receptors linked to G proteins have been regarded as separate though complementary pathways in the mitogenic stimulation of cells (8, 38) . The findings that neuropeptides can stimulate tyrosine phosphorylation of specific substrates suggests the existence of an additional signal transduction pathway in the mitogenic response to these agents. Elucidation of the putative components of such a pathway, as well as the identity and function of the substrates, warrants further experimental work. procedures including immunoprecipitation and immunoblotting with anti-Tyr(P) antibodies and phospho amino acid analysis. Furthermore, there was a striking stimulation of serine phosphorylation of both bands, and in particular p90. The concentration dependence of bombesin, vasopressin, and VIC for induction of tyrosine/serine phosphorylation and the sensitivity of this effect to specific receptor antagonists indicate that neuropeptide-activated phosphorylation is mediated by the same receptors that induce other early biochemical responses and stimulation of DNA synthesis in Swiss 3T3 cells.
It is likely that neuropeptide-stimulated tyrosine phosphorylation plays a role in the transduction of the mitogenic response to neuropeptides, given the fundamental role of tyrosine kinases in the action of polypeptide growth factor receptors and oncogene products (18) (19) (20) (21) (22) (23) (24) (25) (26) . The fact that an increase in tyrosine phosphorylation is one of the earliest events in the action of bombesin, vasopressin, and VIC is consistent with this possibility. However, the tyrosine kinase activity stimulated by PDGF and other growth factors is intrinsic to the receptor, and a major substrate is the receptor itself (18) . In contrast, the receptors for bombesin and vasopressin are linked to G proteins (10) (11) (12) (13) (14) (15) (16) , and cloning of the bombesin and endothelin receptors shows that they belong to the superfamily of receptors that contain seven hydrophobic domains (17, 36, 37) . The present data show that bombesin, vasopressin, and VIC stimulate tyrosine phosphorylation of a common set of substrates in intact 3T3 cells but not in membranes. These findings suggest that neuropeptides and receptor kinases stimulate phosphorylation through fundamentally different mechanisms. Moreover, the lack of identity between neuropeptide-induced phosphotyrosyl proteins and known targets for the PDGF receptor (20) (21) (22) (23) (24) (25) (26) indicates significant differences between the substrate specificities of these two pathways. 
